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Abstract 

Background Clinical development of adeno-associated virus (AAV} requires 
standardised, safe, efficient and scalable procedures for the manufacture of 
the rAAV vector, including production, purification and testing. Several 
strategies have been reported for the approach to the manufacturing problem, 
We report a helper virus-free process that produces high quality rAAV stocks. 

Methods rAAV were produced by triple transfection, a helper virus-free 
process. After lysis of the cells in the presence of nuclease, the rAAV produced 
were purified by HPLC through two ion-exchange columns in tandem 
followed by dialysis. rAAV stocks were thoroughly characterised for biological 
activity and for the presence of residual contaminants. The titer of infectious 
particles and of rep + particles was determined by dRA assay. Contarninating 
DNA and RNA were determined by fluorescent dye binding and real-time 
PGR. The protein content of the rAAV stocks was characterised by SDS-PAGE, 
HI ISA test, Western blot and specific enzymatic assays for putative residual 
contaminating protein. The in vivo biological activity of the stocks was 
evaluated in mouse muscle. 

Results rAAV stocks obtained following this procedure elicit: 
2-5 x 10 12 pp/ml; 3-6 x 10 10 ip/ml; <10 3 rep-f particles/ml; <03rnUeq/ 
ml of residual benzonase activity; non-detectable Ad or /7-galactosidase 
proteins; <35 pg/ml of cellular genomic DNA; in vfVo expression in mouse 
muscle without any immune reaction detected. 

Conclusions This work demonstrates the possibility of producing purified 
high-quality rAAV free of helper vims. Hie procedure described in this paper 
is easily adaptable for large-scale production of clinical rAAV vectors. 
Copyright © 2000 John Wiley & Sons, Ltd. 
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Introduction 

Adeno-associated virus (AAV), a single-stranded DNA virus from the 
parvovirus family [1], has become one of the most promising vectors for 
human gene therapy for several reasons. AAV has not been implicated as the 
causative agent for any human disease. Studies to determine the status of the 
rAAV following in vivo transduction indicate that the vector may be integrated 
at random sites in the liver, haernopoietic cells and neurones as head-to-tail 
concatameric arrays [2-4] . In lung tissue and in skeletal muscle, nevertheless, 
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the rAAV genome has been detected in the episomal form 
[5-7]. rAAV can efficiently transduce both growing and 
post-mitoric ceUs when administered directly to Tissues 
and organs in vivo. In addition, rAAV-mediated gene 
transfer has been reported to result in only moderate and 
transient immune responses [8]. Moreover, rAAV vectors 
have been used to transfer a number of different genes 
into several target tissues in animal models, showing the 
potential of rAAV for the treatment of human disease 
[9-18], Long-term trans gene expression has been shown 
in vfvo after rAAV transduction [10,19]. Not surprisingly, 
these observations have moved the field of rAAV vector 
development to the fore of gene therapy delivery systems. 
Two clinical reports have been published for rAAV 
indicating the absence of toxicity or immune response 
[20] and the lasting transgene expression and biological 
activity of the therapeutic protein [21]. 

rAAV requires both host cell factors and co-infection 
with Ad or herpes viruses for a productive infection cycle. 
Wild-type (wt) AAV replicates to high titers in the cell, 
however productivity of rAAV (in terms of particles per 
cell) is consistently about two orders of magnitude lower 
in comparison to wt AAV. Thus, the use of rAAV in gene 
therapy has been limited by the availability of high titer 
and pure vector stocks. Several approaches to vector 
production have been reported including the use of stable 
producer cell lines [22,23] and the transient 
co-transfection of vector and helper plasmids [24] . In 
both cases subsequent infection with Ad is required. 
However, Ad helper genes are expressed as a part of the 
replication cycle of the infecting Ad itself, leading to the 
production of new Ad particles. Another approach for 
rAAV production has been the use of a helper plasrnid to 
provide the essential adenovirus genes [25-27]. In this 
system infection with helper virus is not necessary and, 
consequently, the rAAV produced are expected to be free 
of viral contaminants. For this reason we adopted this 
trrple-transfection system as the starting procedure in our 
optimisation of rAAV manufacturing. 

More recently, herpes virus constructs (herpes simplex 
vims type 1 amplicon and vector) harbouring the AAV rep 
and cap genes have been used for rAAV production [28] , 
indicating the possibility of high outputs of up to 1000 
infectious rAAV particles per cell [28,29]. However, 
current as well as new processes for the purification of 
rAAV must be evaluated to eliminate all possibilities of 
contamination with herpes virus. 

The quality of rAAV vector stocks needs to be improved 
and properly assessed by several criteria in order to 
develop a manufacturing process suitable for the 
production of high-quality rAAV stocks to be used in 
preclinical studies and ultimately in Hr mc a l trials. 

To address these issues we have optimised an Ad 
helper- and wt AAV-free production procedure for rAAV. 
In addition, we have developed a simple, rapid, 
reproducible, effective and scalable downstream process 
that yields high-purity and high-quality rAAV stocks that 
are biologically active in vivo. 
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Materials and methods 

Cells, plasmids and viruses 

293 human embryo kidney (HEK) cells, obtained from 
American Type Culture Collection (ATCQ, were cultured 
in Dulbecco's modified Eagle's medium containing 4.5 g/1 
glucose CDMEM; Gibco-BRL, Cergy Pontoise, France) 
10% foetal bovine serum (FBS; Hyclone/PerbioScience, 
Bezones, France), 1% penicillin and streptomycin (Gibco- 
BRL). Every 20 passages after thawing, cultures were re- 
started from a new ampoule. Cells were tested for sterility 
and mycoplasma. 

HeLa and HeLa rep-cap32 cells were obtained from 
ATCC and from Anna Salvetti (CHU, Nantes), respec- 
tively. HeLa rep-cap32 cells express the wt AAV rep and 
cap genes. HeLa and HeLa rep-cap32 cells were main- 
tained in DMEM supplemented with 10% FBS CHy clone) 
and 1% penicillin and streptomycin (Gibco-BRL). 

pXX6 (Ad helper) [25], pBHGlO (Ad helper), pACG2 
(AAV helper) [30], pRC4 (AAV helper) and pAAV- 
CMV(nls)lacZ (rAAV vector) [31] plasmids were prepared 
on DH5a Escherichia coh and purified by PEG (poly- 
ethylene glycol) according to standard procedures. 
Plasrnid batches were pooled-out to constitute homo- 
geneous plasrnid working stocks used for rAAV manu- 
facturing. Release criteria for the plasrnid working stocks 
included restriction analysis, assessment of contaminat- 
ing RNA and genomic DNA, OD260/OD28O ratio, OD320 
and content of supercofled plasrnid DNA. 

Drs R- Jude Samulski and A. Salvetti kindly provided 
starting samples of pXX6 (RJ.S.), pACG2 (RJLS.) and 
pAAV-CMV(nls)lacZ (A.S.). pBHGlO was obtained from 
Microbix Biosystems Inc., (Ontario, Canada) pRC4 was 
engineered by subdoning the Xbal-Xbal fragment from 
pACG2, containing the rep and cap genes, into the MCS of 
the pBS-KSH-K pRC4 does not contain the Ad-lTRs 

present in pACG2. 

Ad d!324 adenovirus stock, originally provided by E. 
Kremer, was produced according to standard procedures. 
Wild-type adenovirus type 5 stocks were kindly provided 
by P. Moullier. 



rAAV production 

rAAV were produced by triple transfection on 293 HEK 
cells. Cells (1 x 10 9 aliqouts) were seeded into 30 triple 
flasks and cultured for 24 h before transfection Transfec- 
tion was performed on —70% confluent cells. 

25kDa PH (polyethyleneimine, Sigma-Aldrich, St. 
Quentine FaHavier, France) was used for the triple 
transfection step. Equirnolar amounts of the three 
plasmids 450 ug Ad helper plasrnid (either pXX6 or 
pBHGlO), 275 pg AAV helper plasrnid (either pACG2 or 
pRC4) and 275 ug (AAV plasrnid vector) were mixed with 
10 mM FEI by gently shaking. The mixture was then 
added to the culture medium on the cells. One milligram 
of total plasrnid was added to every 2 x 10 9 cells in 
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culture. Cell culture was continued as described above 
except with 1% instead of 10% FBS. Six hours after 
transfection the medium composition was modified to 
3 g/1 glucose and 5% FBS by the addition of fresh culture 
medium (containing 1 g/1 glucose and 10% FBS). 

Alternatively to the triple transfection, when indicated 
in the text, rAAV was produced by double transfection 
(using the AAV helper plasmid and the AAV plasmid 
vector) followed, 6 h later, by infection with helper Ad 
(Ad dl324, MOI of 10). Transfection and cell culture 
conditions were as described above. 

Alternatively to the use of PEI, triple transfection was 
performed by the CaP0 4 co-precipitation method. Equi- 
molar amounts of the three plasmids and 1 mg total 
plasmid were added to 2xl0 9 cells in culture. Cell 
culture was continued in the presence of 1% FBS. Six 
hours after transfection, the culture medium was replaced 
with fresh medium containing 3 g/1 glucose and 5% FBS. 

Forty-eight hours after transfection, the culture 
medium was replaced with 200 ml PBS. Cells were 
detached by shaking, centrifuged (15 ruin at 1200 g) 
and resusp ended in 100 ml lysis buffer (50 mM HEPES, 
pH 7.4; 150 mM Nad; 1 mM MgCfe; 1 mM CaCla). After 
four cycles of fxeeze-thawing in the lysis buffer, 250 U 
benzonase (Merck, Nogeut sur Maine, France) were 
added. Lysate viscosity was reduced by incubation at 37°C 
for 30 min. Cellular debris was eliminated from the 
lysates by centrifugation at 10 000 g for 30 min at 4 C C. 
The supernatant was filtered through a 0.45 urn pore size 
disc filter (pall-Gelman, St. Germain eu Laye, France), 
giving rise to the 'semi-purified stock* CSS), and recovered 
for. further downstream processing. From a culture of 
1 x 10 9 cells, 60 ml SS were routinely obtained. The cell 
lysis step, from the addition of the lysis buffer to the 
recovery of the SS, was performed at room temperature. 
The SS was stored at — 20°C until required for further 
use. 

Downstream processing 

The SS were diluted up to 200 ml final volume in PBS and 
then subjected to diafQtration in a Filtron system (Pall- 
Gelman) using Omega open-channel membranes 
(300 kDa pore size). Diafiltration was continued until 
40 ml final volume was obtained. After addition of 160 ml 
PBS to the diafiltrate, diafiltration was repeated. The 
complete operation (diafiltration, completion to 200 ml, 
diafiltration) was repeated twice. The 40 ml obtained 
from the third diafiltration were directly loaded onto the 
HPLC columns in tandem. A Biocad 700E workstation for 
perfusion chromatography system (PerSeptive Biosys- 
tems, Perkin Rimer, Les Ulis, France) was used in 
conjunction with a Poros HQ anionic exchanger column 
(50 um bead size, 20 ml bed volume) in tandem with a 
Poros SP canonic exchanger column (20 um bead size, 
1.7 ml bed volume). The HQ and SP columns were 
attached in a dual-column configuration. Columns were 
equilibrated with 100 mM HEPES, pH 8.0. The 40 ml 
diafiltrates were applied at a flow rate of 2 ml/min at 
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room temperature. After sample loading, the in-tandem 
columns were washed with 200 ml 100 mM HEPES, 
pH 8.0. rAAV were retained by the SP column while 
~50% of the contaminating proteins present in the SS 
were retained by the HQ column. The SP column was 
directly eluted by means of a 0-1 M NaG linear gradient 
in 100 mM HEPES, pH 8.0. rAAV were recovered at 
28-30 mS (300 mM NaQ). A continuous register of 
OD 2 6o> OD;jso and conductivity was performed, and 
0.6 ml fractions were collected. 

All steps from ultrafiltration to the collection of the 
eluate from the second HPLC column routinely took 
about 5 h at room temperature. 

Fractions eluted from the second column were analysed 
by dot blot hybridisation (rAAV genome), by a functional 
test for trans gene activity (/7-galactosidase) and by 
hnmunoblotting (anti-AAV capsid protein). Fractions 
containing rAAV particles were pooled and further 
processed. Routinely, five fractions were pooled together, 
corresponding to a volume of 3 ml recovered from 1 x 10 9 
initial cells/2.5 1 of initial culture. 

The 3 ml HPLC pooled fractions were diafysed against 
21 Ringer-lactate buffer at 4°C for 18 h, with three 
changes of buffer. The final dialysate was recovered, 
filtered through a 0.2 pm pore size disc filter (Pall- 
G elm an) and stored at — 80°C. The final preparation was 
routinely characterised as described below. 

Physical particles 

Samples of rAAV (10 ul ) were incubated with 10 U 
DNAse I (Gibco-BRL) at 37°C for 60 min and then with 
100 ug proteinase K. After phenol : chloroform extraction, 
viral DNA was precipitated with ethanol in the presence of 
40 ug glycogen, washed twice with 70% ethanol and 
resuspended in 400 ul 0.4 M NaOH, 10 mM EDTA. 
Samples were dotted onto nylon membranes (Pall- 
Gelman), washed once with 400 ul 2 x SSC, pre- 
hybridised for 60 min at 65° in hybridisation buffer 
(0.5 M sodium phosphate buffer pH 7.4, 7% SDS, 1 mM 
EDTA, 100 ug salmon sperm DNA) and finally hybridised 
overnight with a specific lacZ probe. Dot intensity was 
measured using a Storm 840 System (Molecular Devices, 
Amersham, UK) and quantitated by comparison with a 
standard curve obtained using the rAAV plasmid. 



rAAV transducing units 

The titer of lacZ + forming units (Lfu) was determined on 
293 HEK cells. Twenty-four hours before infection, cells 
were plated at a density of 1 x 10 s cells/well in 2 4- well 
plates. Serial dilutions of the rAAV preparation were 
made between 1 x 10" 2 and 1 x 10~ 5 and used for 
co-infection of the 293 HEK cells together with Adl324 
adenovirus (MOI of 10). Twenty-four hours after infec- 
tion, X-gal staining was performed according to standard 
procedures. 

J Gem Med 2001; 3: 59^-71. 
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rAAV infectious particles 

The titers of rAAV vector infectious particles were 
determined on HeLa rep-cap32 cells using our standard 
dRA (serial dilution replication assay) test described 
elsewhere [32] . Cells were plated 24 h before infection at 
a density of 2 x 10 4 cells in 96-weH plates. Serial dilutions 
of the rAAV preparation were made between 1 x 10 
and 1 x 10" 12 and used for co-infection of the HeLa rep- 
cap32 cells together with type 5 wt Ad (MOI of 100). Cells 
were lysed 24 h after infection with 50 ul lysis solution 
(0,8 M NaOH, 10 mM EDTA, 0.5 ng salmon sperm DNA) 
(65°C, 30 min) by gentle shaking. Lysates were loaded 
onto positively charged nylon membranes (Pall-Gelman) 
and washed with 400 ul 0.8 M NaOH, 10 mM EDTA. 
Membranes were rinsed once with 2 x SSC solution (room 
temperature, 15 min). Controls included mock cells, cells 
infected only with rAAV (1 ul undiluted preparation) and 
cells infected only with wt Ad (MOI of 100). Membranes 
were pre-hybridised in hybridisation buffer (65°C, 1 h) 
and hybridised with a lacZ specific probe (overnight, 
65°Q. Radioactivity was quantified in a Storm 840 
(Molecular Devices). Hybridisation controls included 
purified probe DNA as the positive control and salmon 
sperm DNA and lysis solution as negative controls. 

rep+ AAV 

The titers of rep-f AAV particles were determined on 
HeLa cells using the serial dilution dRA assay [32], Cells 
were plated 24h before infection at a density of 2 x 10 4 
cells in 96-well plates. Serial dilutions of the rAAV 
preparation were made between 1 x 10~ 2 and 1 x 10 
and used for co-infection of the HeLa cells together with 
type 5 wt Ad (MOI of 100). Cells were lysed 24 h after 
infection. Lysis and further processing were performed as 
described in the previous section for the titration of 
infectious particles. 

AAV capsid proteins 

Capsid proteins, empty and full virion-capsid, were 
quantified by a specific ELISA test kit (VrogervTebu, Le 
Perray-eu-Yvelines, France). The number of total (full 
plus empty) capsids (P) was determined from the results 
obtained with the A20 monoclonal antibody. Assuming 
the protein molecular mass of an intact AAV-2 capsid to 
be 4xl0 6 Da, then lug capsid proteins would equal 
1.5 x 10 11 rAAV virions. The number of full capsids (pp) 
was derived from the number of rAAV genomes obtained 
by dot blot hybridisation. Finally, the number of empty 
capsids was calculated as the difference between P and 
pp. 

VP1, VP2 and VP3 proteins were detected by Western 
blot analysis as follows. 10 ul HPLC fractions (positive for 
rAAV dot hybridisation) were subjected to SDS-PAGE 
electrophoresis on 8% polyacrylamide gels in 192 mM 
glycine, 25 mM TRIS pH 8.3, 0.1% SDS and electro- 
blotted onto PVDF membranes (Biorad, Ivry sur Seine, 
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France) using 39 mM glycine, 48 mMTRIS pH 8.3, 0.04% 
SDS, 20% ethanol buffer. Gels were calibrated using 
Kaleidoscope molecular weight standards (Biorad). 

Membranes were blocked with 1% BSA (Biorad) in TBS 
buffer (RT, 60 min) and incubated (RT, 60 min) with a 
1/10 dilution of the commercial mouse antibody against 
VP1, VP2 and VP3 AAV proteins (clone Bl, Progen/Tebu) - 
Membranes were then incubated with an anti-mouse goat 
antibody conjugated with alkaline phosphatase and 
visualised using the Biorad kit. 

Residual protein contamination 

The total protein content in the rAAV samples was 
determined by Bradford protein assay (Biorad). Samples 
included crude lysates (1-10 ul), HPLC fractions (10 ul) 
and final rAAV stock. 

Individual proteins were separated by SDS-PAGE 
electrophoresis on 8% poryacrylamide gels in 192 mM 
glycine, 25 mM TRIS pH 8.3 and detected with a silver 
staining kit (Sigma-Aldrich). Gels were calibrated using 
the high-range molecular weight standard from Biorad. 

Residual benzonase activity 

Ten microliters of either rAAV FS or standard DNA 
solution (lug/ul pXX6) plus 15 ul benzonase buffer 
(62.5 mM TRIS pH 8, 62.5 mM MgCl, 1.25 mg/ml BSA) 
were mixed together in a final volume of 25 ul and 
incubated for 16 h at 37°C The reaction was stopped by 
the addition of 3 ul loading buffer. The digested plasmid 
DNA was analysed on 1% agarose gels. The migration 
distance (the distance from the origin to the position of 
the plasmid product band) was measured and used to 
estimate the benzonase activity content from a standard 
curve. The standard curve was plotted each time using a 
fresh benzonase stock solution (250U/ul stored at 
— 20°Q. Serial dilutions of the benzonase stock were 
incubated in parallel with the rAAV final stock samples in 
the presence of the same amount of substrate DNA and 
run in the same agarose gel. The migration distance of the 
plasmid product (mm) was plotted against the corre- 
sponding benzonase activity (number of units) present in 
the calib ration sample. Using our protocol, as little as 
0.3 mU benzonase in a 10 ul sample can be measured. 

As our benzonase test was performed over 16 h, instead 
of the 30 min used for the definition of 1 unit (U), we 
d efine here a benzonase equivalent unit as the amount of 
benzonase that exhibits an activity equivalent to 1 U, 
when tested in a 16 h assay. 

Residual RNA and DNA 

Residual RNA and double-stranded (ds)DNA contamina- 
tion were determined in the rAAV SS and FS. The 
presence of RNA was assessed on 5 ul (SS) or 10-50 ul 
(FS) by the Rjbo-Green quantification kit (Molecular 
Probes, Amersham Pharmacia Biotech, Saday, France) 
that permits the detection of as little as 200 pg RNA. The 
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presence of DNA was assessed on 5 pi (SS) or 1O-50 jd 
(FS) by the Pico-Green quantification kit (Molecular 
Probes) that permits detection of as little as 25 pg DNA. 

The presence of contaminating cellular genomic DNA 
was evaluated by real-time PCR [33] using a PE«Applied 
Biosystems Prism 7700 (Perkin Elmer). The primers and 
fluorescence probe sets corresponding to the albumin 
gene and ALU sequences were as follows: 
ALB1 primers 5 '-G CTGTCATCTCTTGTGGGCTGT-3 ' 
(0.2 uM) and ALB2 primer 5 '-ACTCATGGGAGCTGCTGG 
TTC-3' (0,2 uM); probe 5'-VIC CCTGTCATGCCCACA 
GAAATCTCCCC-3' (0.1 uM). 

ALU1 primer 5 '-TTGCAGTAAGCCGAGATCCC-3 ' (0.2 uM) 
and ALU2 primer 5 '-TTGAGACGGAGTCTCGCTCTG-3 
probe 5'-FAM CTGCACTCCAGCCTGGGCGAC-3' (0.1 uM). 

The copy number of the albumin gene was evaluated in 
sample aliquots of 10 uL Calibration was performed with 
isolated cellular genomic DNA (293 HEK cells). A rAAV 
stock obtained by lysis in the presence of DNAsel and 
RJMAse instead of benzonase was used as a secondary 
positive control. 



In vivo activity 

Four-week-old Balb-c mice (Charles River, St. Germain 
sur L'Arbresle, France) were injected into the tibialis 
anterior muscle with 1 x 10 7 rAAV infectious particles 
suspended in Ringer solution. At various time points after 
injection mice were killed and injected muscle tissue was 
harvested and immediately frozen in liquid nitrogen. 
Cryostat sectioning of the tissue was performed at 10 urn 
thic kn ess with a Leica 3050 microtome. Sections were 
fixed and stained successively with X-gal and hematoxylin 
using standard procedures [34], 



Results 

This work describes the three steps undertaken to define 
the manufacture of rAAV stocks: (1) optimisation of 
production conditions, (2) up-scaling of production and 
downstream processing and (3) characterisation of the 
stocks produced. 



Optimisation of rAAV production 

In order to optimise the rAAV production process, in 
terms of productivity, content of rep -f- /cap -f particles, 
simplicity and reproducibility, the following parameters 
were evaluated: helper Ad, helper AAV, transfection 
procedure and time of harvesting. 

Double transfection followed by infection with a helper 
adenovirus (Adl324) was compared to triple transfection 
for the production of rAAV. The Ad helper plasmids used 
for the triple transfection retained either all viral genes 
except El (pBHG-10) or only the set of genes necessary 
for AAV replication (pXX6) [25] . As seen in Table 1, there 
is no significant difference in rAAV productivity (either in 
physical or in infectious particles) when the pXX6 Ad 
helper plasmid is used instead of the infectious Ad dl324. 
Moreover, pXX6 plasmid was more productive than 
pBHGlO which, in addition, led to a higher ratio of 
rAAV empty capsids/physical particles. Therefore, all 
subsequent rAAV production was performed using triple 
transfection and the pXX6 plasmid as Ad helper. 

Two different AAV helper plasmids [pACG2 (containing 
the Ad-ITR sequences) or pRC4 (Ad-ITR sequences 
deleted)] were compared for the triple transfection step 
As shown in Figure 1, deletion of Ad-ITR led to at least a 
1000-fold decrease in the content of rep -I- particles 
produced (Figure IB), while the titer of rAAV obtained 
remained unchanged (Figure 1A). The generation of 
infectious replication competent progeny requires the 
presence of both rep and cap genes. The rep 4- particles 
shown in Figure 1 do not necessarily represent replica- 
tion-competent AAV. In order to assess the level of AAV 
particles able to generate rep -h /cap -f progeny, serial 
infection experiments were per form ed, rep and cap DNA 
was amplified and quantitated by standard PGR on cell 
fysates obtained after a number of infection cycles with 
infected cell lysates. The first cycle consisted of infecting 
4 x 10~ s HeLa cells, plated 24 h prior to infection in the 
presence or the absence of type 5 wt Ad (MOI of 50). 
Samples were used for both re-infection of fresh HeLa 
cells and PCR analysis for the presence of rep and cap 
genes. Re-infection was repeated five times to complete 
six infection cycles in order to allow for the amplification 
of the rep -h /cap + particles potentially present. As 
expected [31], pACG2 generated significantly higher 



Table 1. Comparison of plasmid- and virus-mediated adeno-helper function for the production of rAAV 





rAAV preparation 












Ad helper 


pp/ml 


ip/ml 


pp/IP 


pp/cell 


PAnI 


P/pp 


0XX6 

PBHG10 

Adl324 


6.1±(Ux10 11 
7.0±1.0x10 10 
4.6±0.2x10" 


7.5±1.0x10 9 

e.otuxio 8 


70-100 
120-130 
100-120 


10100±1500 
3000 ±600 
7600±1200 


2.0±OJx10 12 
5.0±1.0x10 n 
3.0±0.4x10 11 


4.25-2.85 
6.95-7.50 
5.70-7.65 



rAAV were produced by triple transfedjon into three flasks using either plasmids (pXX6 or pBHG-1 0) or by transfection/infection with adenovirus (Ad dl 324) as 
described in Materials and methods. The rAAV preparations obtained were titered far physical partides (pp) by dot blot assays, for infectious particles fio) bv dRA 
assays and for total capsid (P) by ELJSA as described in Materials and methods (n= 3). 
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amounts of rep + /cap + particles (20-50 ng and higher 
than 5 0 ng DNA each gene after the first and sixth cycles, 
respectively) than pRC4 (5-50 pg cap DNA and less than 
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-9 -8 

dilution (log) 
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5 pg rep DNA in the first cycle and 5-50 pg each gene 
after the sixth cycle). According to these data and to 
Figure IB, deletion of the Ad-ITR in the pRC4 plasmid led 
to at least a 1000-fold decrease in the level of rep +/cap + 
particles. 

Two DNA transfection methods were tested for 
die triple transfection step for the comparison of rAAV 
productivity. Plasmid DNA was transfected into 293 HEK 
cells either complexed with PEI or precipitated with 
CaP0 4 . Cells (7 x 10 7 , two triple flasks) were transfected 
with a mixture of pXX6, pACG2 and pAAV-CMV(nls)lac2 
as described in Materials and methods. The transfection 
efficiency measured as the percentage of 0-gal+ cells 
(lacZ forming units, Lfu) was in the range 50-60% in 
seven independent experiments for either method. rAAV 
productivity was expressed as the number of physical 
particles (pp) and the pp/Uu ratio. In Figure 2 we show 
that both methods were equally efficient for rAAV pp 
production, although PEI leads to lower and more 
reproducible pp/Uu ratios. In addition, the use of PEI 
greatly simplifies the transfection procedure. Therefore 
transfection with PEI-DNA complexes was adopted as the 
methodology for further rAAV production runs. 
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B HeLa cells 

pRC4 
pACG2 
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Figure 1. Comparison of pACG2 and pRC4 for the production 
of rAAV arid contaminating rep + AAV. rAAV were produced 
by triple transfection into two flasks using either pACG2 or 
pRC4 as described in Materials and methods. The rAAV pre- 
parations obtained were titered by dRA assays [HeLa RC 32 
CA3 or HeLa CB) cells were infected with serial dilutions of 
the rAAV preparation in the presence of wt adenovirus to 
allow for rAAV replication]. Twenty-four hours later the 
number of replicating genomes was determined by dot blot 
and is indicated in the figure as a function of rAAV dilution. 
Titers are calculated from the second order polynomial func- 
tion [f(x)=al+a2 th(a3 x+a4), where x is measured by the 
log (1000/dilution) and f (x) by the log (Vintensity)] by non- 
linear regression fitting the experimental data- The point 
where the polynomial curve reaches its minimum was consid- 
ered to be the titer of the rAAV preparation. Titers obtained 
were (A) infectious particles (ip) 2x109 ip/ml using either 
plasmid for the transfection step; CB) rep+ particles 
1 x 106 ip/ml for pACG2 and non-detectable for pRC4 

Copyngu © 2000 John Wiley & Sons, Led 
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Figure 2- Comparison of PEI and CaP at the transfection step 
for the production of rAAV. rAAV were produced by triple 
transfection into two flasks using either PEI or CaPO* as 
described in Materials and methods. CA) rAAV titers of physi- 
cal particles (pp) by dot blot hybridisation and CB) transdu- 
cing units (Lfa) obtained by X-gal staining of infecting cells. 
Data obtained from seven independent experiments are 
shown 
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In order to identify the optimal time point for the 
harvesting of the rAAV before significant cell lysis and 
virus release into the culture medium occurs a kinetic 
study was undertaken. Cells and culture medium were 
recovered at different time points, between 24 and 64 h 
after transfection, and the amount of rAAV in the samples 
was determined. Figure 3 shows the kinetics of accumu- 
lation of rAAV inside the cells and in the culture medium. 
The optimal time for harvesting was determined to be 
between 40 and 48 h after transection, as the maximal 
level of rAAV inside the cells had been reached, the ratio 
pp/Lfu was optimal, and the lowest possible release of 
rAAV into the medium had taken place. This time interval 
was chosen for the harvesting of the rAAV produced in the 
subsequent runs. 

The productivity of rAAV obtained by triple transfection 
was compared for three cell culture systems: triple flasks 
C7 x 10 7 cells in two triple flasks per run), two racks-cell 
factory (1.2 x 10 s cells) and ten racks-cell factory (6 x 10 s 
cells). The ratio of transfecting DNA/number of trans- 
fected cells was kept constant for all three systems tested. 
No major difference was observed in the rAAV productiv- 
ity obtained with each culture system, either measured as 
pp/cell [8675 ±350 (flask), 10 350 +424 (two racks-cell 
factory) and 9025 ±247 (ten racks-cell factory)] or as 
Lfu/cell [46.4 ±7.9 (flask), 39.4 ±6.2 (two racks-cell 
factory) and 39.5 ±3.5 (ten racks-cell factory)]. 

On the basis of the previous results a standard 
production run (SPR) was defined as consisting of the 
triple transfection (using pXX6 and pRC4 as helper 
plasmids) of 293 HEK cells growing in 30 triple flasks with 
plasmid DNA-PEI complexes, followed by harvesting at 
48 h after transfection. Table 2 shows the productivity of 
rAAV stocks obtained in six independent SPRs. The data 



produced by triple transfection into two flasks using PEI as 
at increasing time points (24, 40, 48 and 66 h) after trans- 
units (Lfu) produced were determined as described in 
shown 

in Table 2 indicate that the productivity of our SPR, in 
addition to being highly reproducible (variation coeffi- 
cient <9%), is as high as the best result previously 
reported in the literature using Ad functions as helper for 
rAAV production [29]. Figure 4 shows the schematic 
process followed for the rAAV manufacture described in 
this paper. The process is divided into three main parts: 
(1) production, (2) downstream processing and (3) 
characterisation. 

The optimised downstream processing consisted of four 
steps: (1) ultrafiltration-dia filtration through a 300 kDa 
pore membrane, (2) anionic exchanger column chroma- 
tography followed by in-tandem (3) canonic exchanger 
column chromatography, and finally (4) dialysis against a 
lactate-Ringer solution. 

Figure 5A shows the elurion profile obtained following 
the cationic exchanger column chromatography step. The 
rAAV peak was contained in the twelve fractions eluting 
between 28 and 30 mS as shown by analysis of the viral 
genome, capsid proteins and infectious activity. Figure 5B 



Table 2. Reproducibility of PEl-mediated transfection for the 
production of rAAV 



Run # 


pp/ml (x 10 13 ) 


pp/Lfu 


pp/cell 


1 


2.9 


196 


9 700 


2 


3.2 


206 


12000 


3 


3.9 


160 


12 500 


4 


3.7 


192 


11500 


5 


23 


145 


12 400 


6 


33 


220 


11 500 


X±SD 


33 ±0.4 


186.5 ±28.5 


11 600±1G20 



rAAV were produced by PEl-mediated triple t ra ns fe ction into two flasks as 
described in Materials and methods. The rAAV preparations obtained were 
titered for physical particles (pp) by dot blot assay and for transducing units 
(Lfu) by X-gal staining as described in Materials and methods. 
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and 5C show the elution profile of the rAAV genomes 
detected by dot blot and rAAV gene transfer activity OLfu) 
measured on 293 HEX cells co-infected with Ad (MOI of 
5). Figure SD shows the Western blot analysis for rAAV 
capsid proteins of the 12 fractions selected. The ratio 
pp/Lfu obtained in the rAAV peak remains unchanged 
with respect to those obtained from standard SPR. 
Fractions 3-7 (see Figure 5B-D) (0.6 ml each) were 
pooled (3mD for further dialysis and characterisation 
(see below). 

Characterisation of rAAV stocks 

Protein contamination and content of the rAAV stocks 
were assessed by SDS-PAGE, ELISA and the Bradford 

protein assay. 

Figure 6 shows the content of total protein and the 
content of rAAV capsid protein, corresponding to empty 
plus full (P) and full (pp) rAAV capsids, in SS and FS 
samples (Figure 6A and 6B, respectively). Figure 6D 
shows a representative SDS-PAGE gel showing the protein 
pattern present in rAAV SS (lanes 2 and 3) and FS (lane 
4) samples. As shown in the figure, rAAV capsid proteins 
VP1, VP2 and VP3 are the major individual components of 
the protein content in the FS pool. 

According to the data, 17% of the total protein content 

Copyright © 2000 John Wiley & Sons, Ltd. 



in the FS would correspond to full capsids and 33% to 
empty capsids. Most of the remaining 50% of the FS total 
protein (e.g. 60 ug protein/ml or 180 ug protein/ 
lO^rAAV pp) would probably consist of free rAAV 
capsid proteins as no other major protein bands are seen 
in the SDS-PAGE gel (Figure 6D, lane 4). The detection 
limit of silver staining is 10 ng. 

The data in Figure 6C show that our downstream 
processing leads to a greater than 600-fold decrease in the 
total protein content between the SS and the FS. Less than 
0.2% of the total protein content of a SS was recovered in 
the FS. As the recovery of rAAV pp from the SS into the FS 
is -20% (a decrease of five-fold in the total amount of 
rAAV pp), then there is an enrichment of more than 
100-fold in rAAV ratio pp with respect to the total protein 
content; 0.22 ±0.03 and 23.0+1.80 forFS. 

The major protein contaminants that might be expected 
in our rAAV FS samples would be residual adenoviral 
proteins and 0-galactosidase, the transgene in the rAAV 
vector. In order to confirm the absence of such proteins in 
the FS pool, Western blot analysis using specific antisera 
for total Ad proteins, Ad ssDBP and 0-gal as well as an 
enzymatic activity test for 0-gal were performed. None of 
the proteins were detected by Western blots nor by 
enzymatic assays (data not shown). Based on the 
detection limit of the Western blot analysis, it can be 
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Figure 5. HPLC chromatography of rAAV preparations. rAAV produced as detailed in Figure 4 were purified by a tandem of 
(anionic followed by canonic) ionic exchange HPLC columns as described in Materials and methods. CAMQ Elation profile of 
me canonic exchange column (A) Complete elution profile. The thin and thick lines indicate conductivity (mS) and ODaso elu- 
tton profile, respectively. The bar indicates the rAAV during at 28-30 mS. (B) and (Q rAAV peak. The broken and solid lines 
indicate, respectively, conductivity and OEW Closed circles indicate physical particles (pp} [in (B)) or transducing units (Lfu) 
Un CC)]. CD) Western blot analysis of the 12 fractions shown with closed circles in (B) and (C), using anti-AAV capsid proteins 



concluded that, if there was a contamination with Ad 
proteins, or with £-gal, it would be less than 5 ng/S x 10 10 
rAAV pp each. Based on the detection limit of the £-gal 
activity assay, it can be concluded that, if there was 
contamination with 0-gal, it would be less than 5 pg/ 
5 x 10 10 rAAV pp. 

The presence of residual free nucleic acids (RNA, 
genomic DNA and total dsDNA) contaminating the rAAV 
FS pool was detennined by fluorescent dye binding or by 
real-time PCR. Table 3 shows the amount of contaminat- 
ing RNA and total as well as cellular genomic dsDNA 
present in the rAAV FS and SS. As shown in Table 3, the 
level of contaminating cellular genomic dsDNA in the 
rAAV FS is -35 pg/2-5 x 10 12 pp, as quantified by real- 
time PCR on human repetitive ALU sequences or single 
copy a lbumin gene CALB) sequences, corresponding to a 
more than lO^fold clearance of genomic DNA between 
the SS and the FS. In contrast, huge amounts of genomic 
DNA (at least 100 ug/2-5 x 10 u rAAV pp) were obtained 
when DNA was quantified by ALU-specific real-time PCR 
on rAAV prepared using an alternative protocol (DNAsel 
and RNAseA instead of benzonase, and four times CsCl 2 

Copyright © 2000 John Wiley & Sons, Ltd. 



gradients instead of HPLC). The difference in the 
amounts of total and cellular genomic DNA (see 
Table 3) might be partially due to the presence of 
residual plasmid DNA in the rAAV FS. According to the 
data in Table 3, electron micrographs showed the absence 
of conspicuous DNA molecules in the rAAV FS and 
significant amounts of residual DNA contammating the 
rAAV preparations produced by the alternative CsQ 2 
gradient protocol. The morphology of the rAAV particles 
observed in the micrographs was that expected for AAV 
(data not shown). 

The residual amount of benzonase activity present in 
the rAAV SS and FS is shown in Figure 7. Residual 
benzonase activity would account for 33 pg protein/ml 
rAAV FS. The residual amount of benzonase in the FS is 
< 0.0001% of its total protein content (see Figure 6). 
Most (98.7%) of the benzonase added for the down- 
stream processing is eliminated during HPLC. 

Figure 8 shows the expression of the rAAV transgene in 
mouse muscle in vivo after injection of rAAV FS as 
described in Materials and methods. More than 150 
animals were independently injected and analysed using 

J Gene Med 2001; 3: 59-71. 
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rAAV FS samples (unpublished observations). Consistent 
data from all 150 animals indicate that our rAAV FS were 
active in vivo, and ensured the transgene expression over 
a period of at least 35 days after injection. Under the 
conditions tested, the expression of the lacZ gene largely 

Table 3, Residual RNA and DMA contents in rAAV stocks 



SS 
FS 

Clearance 
fold 



Volume 


RNA 


(ml) 


(ng/mO 


60 


5410±1900 


3 


2.00±0.20 




54 000 



Total dsDNA 
(ng/ml) 



Cellular DMA 
(ng/ml) 



1530±110 
0.40 + 0.06 
76 500 



220±4.10 
0.035+0.011 
125 700 



rAAV were produced and purified as shown in Rgure4. Ribo^reen. Pico- 
MrtiSta PCR (ALU and ALB sequences) ctetected RNA. totaldsDNA 
and cellular genomic DNA, respectively as described m Materials and methods. 
SS. rAAV semH>unfied stock: FS. AAV final stock (n«=4). 

Copyright <§ 2000 John Wiley & Sons, Ltd. 



extended beyond the injection site and, as expected, no 
signs of cellular immune response in the transduced tissue 

were observed. 

Finally, Table 4 summarises the features of a repre- 
sentative rAAV FS obtained through our optimised 
production and downstream processes. 



Discussion 

la this paper we describe a process for the production, 
purification and testing of high-quality, high-purity iAAV 
prepared in the absence of helper virus. 

Production of rAAV in the absence of helper Ad 
particles has previously been reported [25,26]. In our 
process, helper Ad functions were provided by expression 
plasmids carrying die E2, E4 and VA among other Ad 
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residual activity in rAAV stocks. rAAV were produced and purified as shown in Figure 4. Benzonase activ- 
as described in Materials and methods. Emidium bromide stained agarose gel containing standard plasmid 
with increasing amounts of a reference benzonase stock or with SS and FS samples (A). The migration of 
"* DNA as a function of the amount of benzonase present is indicated in (B) [calibration curve). The 
present in the SS and FS are shown in (B) (bars) 



genes. Cells were triple transfected with an Ad helper 
plasmid, an AAV helper plasmid and a rAAV plasmid 
vector. We demonstrated that PEI and CaP0 4 were 
equally efficient for the transfection-mediated production 
of rAAV, although PEI produced more reproducible 
results and lower pp/Lfu ratios. The ease of use of PEI, 
compared to the CaP0 4 precipitation method, together 
with its higher productivity of infectious particles, makes 
it the procedure of choice for rAAV manufocruring. 
Interestingly, large-scale production of rAAV based on 
PEI -mediated transfection would be more cost-effective 
than transfection based upon other alternative reagents 
currently available commercially. In addition, the use of 
PEI in the transfection step will greatly facilitate further 
up-scaling of the production process as no culture 
medium replacement was required following transfection. 

The rAAV helper plasmid pRC4, with a deletion of Ad 
ITR, showed a 1000-fold decrease in the number of 
contaminant rep+ particles generated during the rAAV 
production process (Figure 1). According to the litera- 
ture, the level of contaminating rep-h particles in rAAV 
stocks varies with the production process itself and with 
the plasmids used for expression of the rAAV and Ad 
helper functions [31]. 

Con taminati on of rAAV preparations with Ad may lead 
to unwanted Ad-related immune reactions, unreliable 
rAAV titer assessment and variable rAAV-mediated gene 
transfer efficiency. The rAAV preparations obtained using 
our manufacturing procedure were tree of adenovirus 
particles and proteins as tested by PCR and Western blot 
(data not shown). 

Copyright © 2000 John Wiley & Sons, ad. 



Setting the production process at either the cell factory 
or triple flask scale level is suitable for obtaining large 
numbers of rAAV pp sufficient for most in vivo evalua- 
tions. Toxicology studies in animals are necessary for the 
further development of rAAV as gene therapy products. In 
our hands, one run of rAAV production and purification 
gives 2-5 x 10 12 pp/ml (i.e. a total of about 1 x 10 13 pp). 
In in vivo experiments in mouse muscle, between 40 and 
50% of the muscular tibialis anterior fibers are transduced 
when doses of 1 x 10 7 ip/animal were used. 

It has previously been reported that the efficiency of 
gene transfer mediated by rAAV vectors is highly 
dependent on the dose of the rAAV. There is a 
conspicuous threshold of ip/dose (e.g. 2xl0 6 ip/dose 
injected into mouse muscle) below which no gene 
transfer activity can be detected at all (unpublished 
results). This fact stresses the need for higher titer rAAV 
preparations and higher doses for most in vivo experi- 
ments and applications. For evaluation in humans, in 
phase I trials, the estimated amount of rAAV required is of 
the order of 2x 10 11 pp/kg [21]. Therefore, an approx- 
imate ten times up-scaling of the manufacturing process 
described in this paper would allow for the production of 
enough clinical grade material to conduct phase I studies. 

Traditionally, two to four centrifugation runs on CsCl 2 
gradients have purified rAAV. The use of Csd 2 centrifu- 
gation would obviously hamper the scaling-up process 
and probably the release of the clinical material obtained 
therefrom. In addition, even after four centrifugation runs 
in CsQz, the virus obtained was highly contaminated with 
proteins and DNA (data not shown) . Alternatively, the use 

J Gene Med 2001; 3: 59-71. 
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Figures. In vivo activity of rAAV stocks in mouse muscle. 
iAAV were produced and purified as shown in Figure 4. Aru- 
rnals were Injected with 1±10 7 ip of rAAV into the 
anterior and the injected tissue was subsequently anatysed as 
described in Materials and methods. Original magnification. 
(A) 4x and (B) 10x [insert in (A)] 



of iodixanol-based gradients, although possibly better for 
obtaining purer rAAV preparations, is probably not 
up-scalable [35,36]. The use of HPLC chromatography 
has previously been proposed in place of centrifugauon 
gradients, and a couple of column supports Poros HE/M 
(heparin) [36,37] and Uno SI (cation exchanger) [36] 
have been tested in the literature, in our hands, either 




Quantity/run 



Physical partides 
Infectious partides 
pp/ip 
pp/cel) 

rep+ particles 
Residual protein 
Residua! cellular DNA 
Residual benzonase 



2- 5x10 u 

3- 6x10 10 
35-90 

9000-12 000 
<10* 
180 uo 
<35pg 
<G_3 mUeq 



6-15x10" 
M8x10 10 



L Drlttantl etaU, 

heparin-derrved supports or (only) cation exchangers 
gave a poor purification profile leading to rAAV prepara- 
tions where several (at least 12) major contaminant 
proteins were still detected on Coomassie blue stained 
gels. The best results (in terms of infectious particles per 
milligram of protein) were obtained using a combination 
of an ulttaffltration/diafiltration step with anionic and 
cationic exchangers. One additional advantage of our 
purification system is that no changes of buffer are 
required between the two columns allowing a simple 
tandem configuration. 

Figures shows that the rAAV can be recovered as a 
single peak that contains 100% of the pp, Lfii and viral 
capsid proteins detected. The relatively low efficiency of 
the downstream processing, which leads to the recovery 
of only about 20% of the rAAV virus produced, is probably 
due to the ultrafutiation/diafiteation step (data not 
shown) which is still to be optimised for higher recovery 

rates. , 

rAAV preparations obtained through our production 
and purification run were characterised by measuring die 
residual levels of contaminating protein, RNA, DNA, 
benzonase and rep + /cap + particles. Table 4 summarises 
the composition of a routine FS preparation obtained by 
our protocol which is one of the highest qualities among 
those previously documented in the literature. In addi- 
tion, our rAAV stocks have been shown to be active m vivo 
as well as non-immunogenic (no infiltranon of the 
injected muscle with immune cells was observed) 

(Figure 8). . ... »i.„ 

Benzonase, as well as any other enzyme added at the 
lysis step, is a potential contaminant in HPLC-purmed 
tAAVs Therefore they have to be eliminated during the 
purification steps and their residual activity accurately 
assessed. In our case, benzonase is the only foreign 
protein added during downstream processing. Using our 
Purification procedure, as much as 98.7% of the added 
benzonase was eliminated from the FS. The remaining 
benzonase activity, which corresponds to 33 pg protein/ 
ml of rAAV preparation, accounts for 0.0001% of the viral 
protein content of the vector stock. 

This is the first report in which rAAV stocks are 
Quantitatively characterised in terms of the content of 
contaminants (protein, RNA, DMA, genomic DNA, ben- 
zonase). The precise characterisation of the rAAV stocks 
currently used is necessary in order to: CD validate die 
stocks with a view to their use in clinical research, (2) 
generate standard rAAV preparations and comparable 
results among different laboratories working on basic 
research as well as preclinical evaluation of rAAV, and (3) 
help to establish the basis for a results-driven regulanon 
of die clinical development and application of rAAV. 




rAAV stocks were produced and purified as described i" j^f 
Oaracterisation of a standard rAAV stock was performed as descnbed .n 
Materials and methods. 
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